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Abnormal cardiac inflow patterns during postnatal development in a mouse model of Holt-Oram syndrome Tbx5 mutation; atrial septal defect; left ventricular diastolic function; right ventricular dilatation; Doppler flow sampling HUMAN HOLT-ORAM SYNDROME is an autosomal dominant disease caused by mutations of the TBX5 gene and is characterized by congenital cardiac and forelimb anomalies (1, 4, 15, 16, 22) . Similar to Holt-Oram syndrome, Tbx5
del/ϩ mice demonstrate cardiac anatomic abnormalities including atrial septal defects (ASDs) and/or ventricular septal defects and limb malformations. Secondary changes in cardiac morphology including dilated atria and right ventricle leading to a bulbous shape of the whole heart are observed. Abnormal cardiac electrophysiology, particularly atrioventricular block, has also been found (5, 23) .
Although the cardiac structural phenotypes of Tbx5 del/ϩ mice have been well identified ex vivo with histology or MRI, the in vivo cardiac functional phenotypes and their comparison with those of corresponding human cardiac disease have not yet been evaluated. As seen in humans with right ventricular volume and/or pressure overload caused by ASD, left ventricular diastolic filling is impaired because of right heart dilatation and abnormal interaction of both ventricles (3, 6, 19, 30) . Because ASD and resultant right heart dilatation are the major structural anomalies in Tbx5 del/ϩ mice, it is of interest to explore the consequent functional abnormalities of this model compared with those in humans. Another question is whether Tbx5 mutation that markedly decreases the expression of downstream targeted genes in the developing murine heart (5) affects ventricular myocardial function.
Recently, a methodology has been established for comprehensive in vivo cardiac imaging in mice using a high-frequency (ϳ20 -55 MHz) ultrasound imaging, ultrasound biomicroscopy (UBM) (10 -12, 25, 38, 40) . This new technology has been successfully applied to measure cardiac dimensions, function, and hemodynamics with various functional modalities including two-dimensional (B mode) and M-mode imaging and Doppler flow sampling. One of the important applications in mouse cardiac functional phenotyping is to observe ventricular inflow patterns for evaluation of the diastolic function of the left and right ventricles.
This study was conducted to extensively evaluate the cardiac functional phenotypes of Tbx5 del/ϩ mice in vivo, with an emphasis on the ventricular diastolic function of both sides of the heart. Cardiac morphology, dimensions, ventricular systolic function, and Doppler flow patterns in cardiac inflow channels were noninvasively observed with UBM at 30 MHz in Tbx5 del/ϩ mice and compared with those of wild-type littermates during postnatal development from 1 to 8 wk.
MATERIALS AND METHODS
The experimental protocol for this study was approved by the Animal Care Committee of the Hospital for Sick Children, and the study was conducted in accordance with the guidelines established by the Canadian Council on Animal Care.
Mice Group I. Tbx5
del/ϩ mice (5) were intercrossed with wild-type Black Swiss mice (Taconic Farms) for the next generation of mice. From three litters, 12 Tbx5 del/ϩ mice (8 males, 4 females) and 12 wild-type littermates (8 males, 4 females) were observed at 1, 2, 4, and 8 wk of age. Each mouse was coded and followed.
Group II. An additional 13 mice from two litters (7 Tbx5 del/ϩ , 6 wild type) were studied at 2 wk of age to quantify Tbx5 gene expression in the ventricular myocardium, which was then correlated with the ultrasound findings.
In Vivo Transthoracic Cardiac Imaging With UBM
A Vevo 660 UBM (VisualSonics, Toronto, ON, Canada) was used. It had a single-element mechanical transducer with a center frequency of 30 MHz and a frame rate of 30 Hz. The spatial resolution of B-mode imaging was ϳ115 m (lateral) by ϳ55 m (axial). Anesthesia of mice with isoflurane was induced at a concentration of 5% and then maintained at 1.5% by face mask. Mouse body temperature was monitored by rectal thermometer and maintained between ϳ36 and 38°C. The resultant heart rate is given in Table 1 . Other details of technical specifications, animal preparations, and experimental procedures were described previously (38) .
In each mouse, cardiac imaging was initiated in the apical fourchamber view to record the mitral and tricuspid Doppler flow spectra. The Doppler sample volume was placed at the center of the orifice and at the tip level of the valves for the highest velocities (Fig. 1A) . However, for measurement of the left ventricular systolic and diastolic time intervals, the Doppler sample volume was moved slightly toward the left ventricular outflow tract to intersect with both the mitral inflow and the left ventricular outflow in the same recording.
The transducer was moved to the upper left parasternal region for visualization of the left ventricular outflow tract in its longitudinal axis, as well as the right atrium and right ventricle in the far field of the image (Fig. 1C) . As suggested in our previous study (38) , this specific imaging section was standardized to measure the dimensions of the right atrium and ventricle, which are irregularly shaped. In consideration of the relatively low frame rate of B-mode imaging, a cine loop with ϳ50 consecutive frames of images was recorded and 5 frames with the largest chamber dimensions during diastole (when the tricuspid valves were open) were selected for the measurements.
The transducer was moved down along the left parasternal window and tilted leftward to visualize the left ventricular inflow tract including the pulmonary vein, left atrium, mitral orifice, and left ventricle. Pulmonary venous flow was sampled just at the entrance of the right pulmonary vein to the left atrium. In the precordial region, M-mode recording of the left ventricle was made in both the long-axis and the short-axis sections at the tip level of the papillary muscles. A transversal section at the level of the heart base was then applied to visualize the main pulmonary artery. B-mode imaging was used to measure the diameter because it was difficult to make the M-mode cursor line perpendicular to the main pulmonary trunk. Five frames with the largest lumens during systole (when the pulmonary valves were open) were selected from a cine loop of ϳ50 consecutive frames for diameter measurements. Finally, from the right parasternal window, the right superior vena caval flow spectrum was sampled at its entrance to the right atrium. The complete examination for each mouse lasted ϳ30 min.
All UBM measurements were made according to the standards established in human echocardiography (27) (28) (29) . In B-mode images, the width of the tricuspid ring was measured from the point where the interventricular septum attached to the right posterior wall of the aortic root to the junction of the right atrial and ventricular walls (Fig.  2, A and B) . The moving tricuspid valves in real-time imaging helped to confirm the location of the tricuspid orifice. M-mode recordings of the left ventricle were analyzed for wall thicknesses and chamber dimensions. Fractional shortening was calculated as a measure of left ventricular systolic function (7) . Three cardiac cycles were analyzed in each of the two sections, and then six sets of values were averaged.
From the mitral and tricuspid Doppler flow spectra, the peak velocities of the early ventricular filling wave (E wave), the late ventricular filling wave caused by atrial contraction (A wave), and the total time-velocity integral (TVI) of both E and A waves were measured. The left ventricular systolic and diastolic time intervals were measured from the mitral flow waveforms, as suggested by human studies (9, 20, 33) . The isovolumic relaxation time (IVRT) was measured from the closure point of the aortic valves to the start of mitral flow. The ventricular diastolic filling time (DT) was from the start to the end of the mitral flow. The isovolumic contraction time (IVCT) was from the closure point of the mitral valve to the start of the aortic flow. The ventricular ejection time (ET) was from the start to the end of the aortic flow (Fig. 3A) . All Doppler parameters were averaged for three consecutive cardiac cycles.
In analysis of the Doppler flow spectra from the pulmonary vein and right superior vena cava, the waveforms were first identified according to the simultaneous ECG recording. The first major forward (toward the heart) waveform following the QRS complex of the ECG was designated as the systolic wave (S wave). A second major forward waveform starting around the middle of the R-R interval was the diastolic wave (D wave). The reversal waveform after the P wave was the retrograde wave caused by atrial contraction (A wave) ( Values are means Ϯ SE for 12 wild-type and 12 Tbx5 del/ϩ mice from 1 to 8 wk of age. AW, anterior wall thickness of left ventricle (LV); EDD, LV end-diastolic diameter; ESD, LV end-systolic diameter; FS, fractional shortening of LV; MPA, main pulmonary artery; PW, posterior wall thickness of LV; UBM, ultrasound biomicroscopy. Two-way repeated-measures ANOVA was used for data analysis, and the Student-Newman-Keuls method was used for pairwise multiple comparisons. Superscript letters a, b, and c represent significant differences from the corresponding parameters in wild-type littermates at 1, 2, and 4 wk of age, respectively. Superscript letters A, B, and C represent significant differences from the corresponding parameters in Tbx5 del/ϩ mice at 1, 2, and 4 wk of age, respectively. *P Ͻ 0.02 compared with corresponding value of wild-type littermates at the same age. 
Quantification of Tbx5 Gene Expression in Ventricular Myocardium
In group II, immediately after the in vivo UBM observation, the mice were killed, the hearts were excised, and the atria and ventricles were dissected. Total RNA was extracted from the ventricular myocardium with TRIzol (Invitrogen) and analyzed for purity and concentration on an Ultrospec 3000 (Pharmacia Biotech). One to five micrograms of RNA was reverse transcribed with the Supercript First Strand RT-PCR Synthesis System (Invitrogen) with oligo(dT) primers. Subsequently, quantitative real-time PCR was performed with the ABI 7000 Sequence Detector (Applied Biosystems, Foster City, CA). Gene expression was quantified with customized Assays-on-Demand (Applied Biosystems) for Tbx5. Gene expression data were normalized with Taqman rodent glyceraldehyde phosphate dehydrogenase (Applied Biosystems).
Postmortem Cardiac Anatomic Confirmation
In situ cardiac MRI on fixed mice. After UBM examination at 8 wk, all mice in group I were perfused with gadopentetate dimeglumine (Magnevist, Berlex Canada, Pointe Claire, QC, Canada) and fixed by infusion of formalin for whole body MRI (18, 37) . MRI was conducted with a 40-cm bore, 7-T magnet (Magnex Scientific, Oxford, UK) controlled by a UnityInova console (Varian NMR Instruments, Palo Alto, CA) as previously described (2) . We used a conventional spin echo pulse sequence with the following imaging parameters: 650-ms repetition time, 16.5-ms echo time, 97-mm ϫ 27-mm ϫ 27-mm field of view, and 970 ϫ 270 ϫ 270 imaging matrix providing isotropic voxels of 100-m resolution. After reconstruction of the raw data, a three-dimensional MRI data set was visualized, processed, and analyzed with Amira software (TGS, San Diego, CA). By manipulating a plane in the three-dimensional data set, the sections corresponding to the in vivo UBM imaging views were carefully analyzed for comparative assignments of the cardiac structures (Fig. 1, B and D; Ref. 38) . The relative size of four cardiac chambers was qualitatively evaluated, and the atrial and ventricular septa were carefully observed to identify the presence of any defects (Fig. 2, C and D) .
Dissection of heart. The heart specimens of 12 Tbx5 del/ϩ mice were dissected. The external shape of the heart and the relative sizes of the atria and ventricles were qualitatively evaluated. The right atrium and ventricle were then cut, and the atrial and ventricular septa were observed from the right side. For area measurement, a plastic mesh with a known area of each square was placed beside the dissected heart specimen under the microscope and digitally photographed. The atrial septum was made as flat as possible, but excessive stretching was avoided. With Adobe Photoshop 7.0, the image pixel number was measured for each square of the plastic mesh and the area of each pixel was calculated. The heart defects were then manually traced for counting the pixel numbers, and the areas of defects were calculated.
Statistics

Differences between Tbx5
del/ϩ mice and wild-type littermates and changes of parameters with age were analyzed with two-way repeated-measures ANOVA. The Student-Newman-Keuls method was used for all pairwise multiple comparisons (SigmaStat, Statistical Solutions). The relations among the size of the ASDs, the Tbx5 expression level in ventricular myocardium, and the parameters obtained by UBM imaging were analyzed by linear regression. All data are expressed as means Ϯ SE, and statistical significance was set at P Ͻ 0.02.
RESULTS
Mouse body weight increased with postnatal development, but no significant difference was found between Tbx5 del/ϩ mice and wild-type littermates at any age. Heart rate varied between 1 and 8 wk of age but did not demonstrate any consistent trend with postnatal development or show any difference between Tbx5 del/ϩ mice and wild-type littermates (Table 1) . B-mode UBM imaging clearly visualized the overall morphology of the heart and the cardiac structures of the studied mice (Fig. 1, A and C) . A significant dilatation of right atrium and ventricle was found in Tbx5 del/ϩ mice compared with wild-type littermates at all ages studied (Fig. 2, A and B) . The size of the left atrium was less well defined because of its irregular shape and the lack of an appropriate imaging section, and the ASDs were not well visualized by UBM.
The mitral Doppler flow spectrum showed a significantly reduced peak E velocity after 2 wk of age and an increased peak A velocity after 1 wk in Tbx5 del/ϩ mice compared with those in wild-type littermates (Figs. 3, A and B, and 4, A and B). Consequently, whereas the peak E-to-A ratio in the wildtype mice increased rapidly from 1 to 4 wk of age and stayed at ϳ2 afterwards, the corresponding parameter of Tbx5 del/ϩ mice showed little increase from neonatal to juvenile periods but remained at ϳ1 (Fig. 4C) . The peak E/A of Tbx5 del/ϩ mice became Ͻ1 from 4 wk of age, suggesting the general reversal of the relative amplitudes of the E and A waveforms as shown in Fig. 3B . The mitral flow TVI of Tbx5 del/ϩ mice did not differ from that of wild-type littermates at any age, although it increased slightly from 4 to 8 wk of age in both strains (Fig.  4D) . In analysis of the mitral flow, one Tbx5 del/ϩ mouse was excluded at 8 wk of age because of fused E and A waves caused by high heart rate.
The ratio of left ventricular IVRT to DT of Tbx5 del/ϩ mice was generally higher than that of wild-type littermates at all ages (Fig. 4E) . However, the ratio of left ventricular IVCT to ET did not show any significant difference between the two strains at any age (Fig. 4F) .
In the dilated tricuspid orifice, as indicated by the increased width of the tricuspid ring in Tbx5 del/ϩ mice, the total TVI of tricuspid flow significantly increased because of the increases of both E and A waveforms at all ages. However, the peak E/A did not demonstrate any significant change with age in either Tbx5 del/ϩ mice or wild-type littermates or any significant difference between the two strains (Fig. 5) . One wild-type and two Tbx5 del/ϩ mice at 8 wk were excluded from the analysis of tricuspid flow spectrum because of fused E and A waves caused by high heart rate. The pulmonary venous Doppler flow spectrum showed significantly increased S waves, decreased D waves, and also reduced retrograde A waves in Tbx5 del/ϩ mice compared with those in wild-type littermates at most age points (Figs. 3, C and  D and 6, A, C, and E) . The Doppler flow spectrum from the right superior vena cava showed generally reduced D waves in Tbx5 del/ϩ mice compared with wild-type littermates. However, the significant decrease of S waves and increase of retrograde A waves started to occur at 8 wk of age in Tbx5 del/ϩ mice (Fig.  6, B, D, and F) .
Left ventricular wall thicknesses and chamber dimensions significantly increased with age, as would be expected (Table  1) . End-diastolic ventricular wall thickness of Tbx5 del/ϩ mice was occasionally greater than that of wild-type littermates. However, there was no significant difference in end-systolic ventricular wall thickness between the two strains at any age. In Tbx5 del/ϩ mice, the left ventricular end-diastolic chamber diameter from 2 to 8 wk of age and the end-systolic chamber diameter at 8 wk were significantly smaller than the corresponding values in wild-type littermates. Left ventricular fractional shortening showed a slight decrease with advancing age in both strains, but no significant difference was found between the two strains at any age. With MRI, ASDs were found in 7 of 12 Tbx5 del/ϩ mice (Fig.  2D) . Of the other five Tbx5 del/ϩ mice, ASD was not seen in two mice and the atrial septum was poorly visualized because of atrial collapse or an artifact caused by air bubbles introduced during perfusion in three mice. Dissection of the hearts, which were fixed in situ, enabled direct observation of the atrial and ventricular septa in all mice and yielded results that were more reliable than those from MRI. ASDs were clearly identified in 8 of 12 Tbx5 del/ϩ mice, and the average area of the defects was 1.4 Ϯ 0.5 mm 2 . In these eight mice, the area of ASD was significantly correlated with width of the tricuspid ring (r ϭ 0.95, P Ͻ 0.01), mitral peak E/A (r ϭ Ϫ0.88, P Ͻ 0.01), and left ventricular IVRT normalized to cardiac cycle length (r ϭ 0.82, P Ͻ 0.02) at 8 wk of age. When the four Tbx5 del/ϩ mice without observable ASDs were included in the analysis with the defect area defined as zero, significant correlation was also found between the defect size and width of the tricuspid ring, as well as left ventricular IVRT/DT at 8 wk of age (Fig. 7) . Contrary to what was expected, the width of the tricuspid ring of the four Tbx5 del/ϩ mice without observable ASDs did not differ significantly from that of eight Tbx5 del/ϩ mice with ASDs at any age but was significantly greater than that of wild-type littermates at all ages. No ventricular septal defect was found in any Tbx5 del/ϩ mice. In group II, average Tbx5 mRNA in ventricular myocardium of Tbx5 del/ϩ mice was 47 Ϯ 5% of that of wild-type littermates. Significant correlations were found between the Tbx5 expression level in ventricular myocardium and size of the right heart, as well as the left ventricular diastolic filling parameters (Fig. 8) .
DISCUSSION
Left Ventricular Diastolic Dysfunction in Tbx5 del/ϩ Mice
The present study demonstrates left ventricular diastolic dysfunction in Tbx5 del/ϩ mice as manifested by decreased mitral E waves, greatly increased A waves, and consequently reduced or reversed peak E-to-A ratios. Furthermore, the significant prolongation of the left ventricular IVRT precedes the changes of the E wave and the peak E/A and is readily detectable as early as the first week after birth. However, in the dilated tricuspid orifice of Tbx5 del/ϩ mice, although the peak velocities increase, the peak E/A remain unchanged and are similar to those of wild-type littermates during postnatal development.
Consistent with our previous studies (38, 39) , the current results also demonstrate significantly different diastolic filling patterns between the right and left ventricles during postnatal development in wild-type mice. Abnormal left ventricular filling patterns have been observed previously in various mouse models. Mitral peak E/A were found to increase in hyperthyroid mice and decrease in senescent mice (31) . In phospholamban-deficient mice, the mitral peak E velocity was found to increase but with the peak E/A unchanged (14) . However, mitral flow with reversed amplitudes of the E and A Fig. 5 . Changes of the right heart dimension and tricuspid Doppler flow parameters during postnatal development in Tbx5 del/ϩ mice and wild-type littermates. A: width of tricuspid ring. B: ratio of peak velocities of E wave to A wave of the tricuspid Doppler flow spectrum (peak E/A). C: total TVI of E and A waves. *P Ͻ 0.02 compared with corresponding parameter of wild-type littermates.
waves, as observed in Tbx5 del/ϩ mice in the current study, has not previously been reported.
This study also demonstrates the changes in pulmonary venous flow pattern secondary to impaired left ventricular diastolic filling in mice. In the human pulmonary vein, the D wave is usually lower than the S wave in normal subjects and decreases when left ventricular diastolic filling is impaired (24) . However, the D wave is normally higher than the S wave in wild-type mice (38) and dramatically decreases, corresponding to the reduced mitral E wave in Tbx5 del/ϩ mice. Because of ASD in Tbx5 del/ϩ mice, the direction of the shunting through the septum may complicate the interpretation of the ventricular filling patterns. In Tbx5 del/ϩ mice, the increased peak E and A velocities and TVI in a dilated tricuspid orifice suggest the existence of volume overload in the right heart due to a left-to-right shunting, as customarily seen in humans with ASD (19, 30, 34) . On the other hand, a generally reduced retrograde A wave in the pulmonary vein suggests that the pressure in the left atrium is not elevated. Moreover, the shunting in the opposite direction, e.g., right to left, would be expected to affect long-term growth because of hypoxemia, which is not the case in this study as indicated by the body weight of Tbx5 del/ϩ mice. Previous human data also suggest that the right-to-left shunting is rare in patients with ASD (ϳ13%), and this is true even in older patients with severe pulmonary arterial hypertension (19, 30) .
Whereas left ventricular diastolic function is deteriorated, the systolic contractile function of Tbx5 del/ϩ mice remains normal as indicated by the left ventricular fractional shortening and systolic time intervals. This finding is consistent with that in humans with ASD (3, 6) . This result also explains the fact that the long-term growth of Tbx5 mutants is not affected, probably because the normal systemic cardiac output is maintained. Our results also further conform to the finding in humans that ventricular diastolic dysfunction often precedes the onset of systolic dysfunction and contributes to the symptoms of various cardiac diseases (6, 24) .
Possible Mechanisms for Left Ventricular Diastolic Dysfunction
Although the left ventricular wall thickness of Tbx5 del/ϩ mice was occasionally greater than that of wild-type littermates, there was no overwhelming evidence of general ventricular hypertrophy as an explanation of ventricular diastolic dysfunction.
According to the present data from mice and the knowledge obtained from humans, ASD and the consequent right heart dilatation may be one of the important factors responsible for the changes of the inflow patterns in the left heart of Tbx5 del/ϩ mice. In humans with ASD, right ventricular dilatation significantly alters left ventricular geometry (e.g., a flattened inter- ventricular septum toward the left ventricle at end systole and early diastole and decreased left ventricular chamber dimension), increases left ventricular chamber stiffness and reduces its compliance, and consequently impairs left ventricular filling (3, 6, 17) . However, all these abnormalities are not associated with significant changes in the mitral flow pattern in patients with normal pulmonary pressure (21, 30, 34) . Human patients with similar right ventricular enlargement but normal to moderately elevated pulmonary pressure do not have mitral flow patterns significantly different from those in normal subjects. Only in a small group of patients (ϳ19%, Ͼ25 yr of age) with severe pulmonary hypertension is the mitral peak E/A reversed to Ͻ1 (30) . Therefore, it is believed that left ventricular diastolic dysfunction is not simply due to right ventricular enlargement caused by volume overload but is more likely attributed to a disturbance of left ventricular isovolumic relaxation related to severe right ventricular pressure overload. The high pressure in the right ventricle delays the decline of the right ventricular tension and therefore interferes with the early active relaxation of the left ventricle. In our study, the mitral flow pattern of Tbx5 del/ϩ mice is very similar to that of human patients with both right ventricular dilatation and severe pulmonary hypertension, which are usually developed during adulthood. Unfortunately, the pulmonary pressure was not measured in this study, and the existence of right ventricular pressure overload cannot be confirmed. In the superior vena cava, the general decrease of the D wave, the gradual decrease of the S wave, and the increase of the retrograde A wave with advancing age suggest a gradual building up of pressure in the right heart during postnatal development. However, the fact that the diameter of the main pulmonary arterial trunk is not different between two strains of mice from the neonatal period to early adulthood does not suggest the existence of severe pulmonary arterial hypertension.
Compared with humans, significant change of the mitral flow pattern in Tbx5 del/ϩ mice occurs at a relatively younger age (neonatal to juvenile periods) and was quite consistent among the studied individuals. Even in mice with relatively small ASDs, the change in mitral flow pattern is significant compared with that in wild-type littermates. Moreover, the prolongation of IVRT, which is closely related to the left ventricular myocardial active relaxation during early diastole, is detectable early in neonates. One possible reason is that the mouse, as a species functioning at a much higher heart rate than humans, may have less reserve. However, considering the significant correlation between the Tbx5 expression level in del/ϩ mice without observable ASD the areas of defects are arbitrarily defined as zero (points on the vertical axis). In measurement of the LV IVRT/DT from the mitral Doppler spectrum, 1 case is excluded because of the inappropriate quality of the recording. Fig. 8 . Correlations between the Tbx5 expression level in the ventricular myocardium and the parameters of the right heart dimension as well as the left ventricular diastolic filling pattern in a group of mice (7 Tbx5 del/ϩ , 6 wild type) at 2 wk of age. A: correlations between the Tbx5 expression level and the width of the tricuspid ring. B: correlations between the Tbx5 expression level and the mitral peak E/A. C: correlations between the Tbx5 expression level and the LV IVRT/DT. On the horizontal axis, 100% corresponds to the average expression level of wild-type mice. ventricular myocardium and the left ventricular diastolic filling parameters, it is necessary to find out whether the Tbx5 mutation contributes to left ventricular diastolic dysfunction by directly affecting the ventricular myocardial properties. We speculate that the Tbx5 haploinsufficiency may affect expression of downstream targeted genes required in left ventricular development for normal myocardial function. A ventriclespecific deletion of Tbx5, which would eliminate the presence of ASDs, will be helpful for elucidating the role of Tbx5 gene expression in the deterioration of ventricular function. The failure to find an ASD in four Tbx5 del/ϩ mice probably results from the defect being too small or at an unusual location other than the central part of the septum, because the increased right heart dimensions suggest right-sided volume overload, which is indicative of the existence of left-to-right shunting.
Limitations
Isoflurane was used to anesthetize the mice for stable data acquisition. Although the previously published data about the effect of isoflurane on cardiac function are controversial, most studies in healthy children (13) , in dogs (36) , and in chick embryos (35) suggest that isoflurane at a low dose does not significantly change ventricular relaxation and myocardial compliance, and it produces less myocardial depression than other volatile anesthetics. More specifically, in our previous study (39) , mice at ϳ1-2 wk of age were observed with and without anesthesia by isoflurane. The diastolic filling patterns (peak E/A) for both right and left ventricles did not show significant differences (39) . Therefore, isoflurane at the low concentration level of ϳ1.5% is assumed to have a minimal effect on ventricular diastolic function in the present study.
Although body temperature was carefully maintained, the mouse heart rate under anesthesia was generally lower than that of awake and resting adult mice (ϳ540 bpm) measured by chronic catheterization (8) . However, compared with other commonly used intraperitoneally injected anesthetics, isoflurane has a minimal effect on the mouse heart rate (41). Relative to the previously reported heart rates (from ϳ230 to ϳ275 bpm on average) in anesthetized adult wild-type mice (14, 26, 32) , the heart rate in our study was closer to that of awake mice. The variation of heart rate may change the relative amplitudes of E and A waveforms. The A wave will decrease relative to the E wave when heart rate decreases (24) . However, in Tbx5 del/ϩ mice, the A wave was always significantly higher than that of the wild-type littermates, even with the decreased heart rate. Moreover, when Tbx5 del/ϩ mice and wild-type littermates were compared at the same age, heart rate did not differ between strains. Therefore, the decrease and variation of the heart rate should not affect the interpretation of the data nor preclude us from making our conclusions.
The MRI observation in this study was purely qualitative. It provided definitive confirmation of the structures visualized in vivo with UBM. It was also used as a means of evaluating the cardiac anatomy, including the continuity of the atrial and ventricular septa. However, any quantitative measurements of the fixed mouse heart obtained by MRI would not be comparable with those from in vivo UBM imaging because of the lack of physiological pressure in the fixed heart, and therefore such measurements were not conducted. Dynamic cardiac MRI on live mice is under development in our laboratory to provide in vivo quantitative cardiac measurements for morphological and functional phenotyping in future studies.
In conclusion, this study using high-frequency ultrasound imaging reveals various cardiac functional phenotypes of Tbx5 del/ϩ mice, which are detectable in neonates and continue to deteriorate with advancing age during postnatal development. Left ventricular diastolic function is significantly degraded as indicated by the changes in mitral and pulmonary venous Doppler flow patterns, whereas left ventricular systolic function remains normal. Right heart volume overload due to ASD is observed, but right ventricular diastolic function is unchanged. The right heart dilatation alone is not sufficient for a full explanation of the underlying mechanisms responsible for the left ventricular diastolic dysfunction. In future studies, a ventricle-specific deletion of Tbx5, which would eliminate ASDs, will be helpful for elucidating the effect of Tbx5 gene expression on ventricular myocardial function during cardiac development.
